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Progesterone released by cumulus cells surrounding the egg induces a Ca%* influx into human

sperm cells via the cationic channel of sperm (CatSper) Ca®* channel and controls multiple Ca®*-
dependent responses essential for fertilization. We hypothesized that chemical UV filters may
mimic the physiological action of progesterone on CatSper, thus affecting Ca®* signaling in human
sperm cells. We examined 29 UV filters allowed in sunscreens in the United States and/or the
European Union for their ability to induce Ca®* signalsin human sperm by applying measurements
of the intracellular free Ca?* concentration. We found that 13 UV filters induced a significant Ca™*
signal at 10 uM. Nine UV filters induced Ca®" signals primarily by activating the CatSper channel.
The UV filters 3-benzylidene camphor (3-BC) and benzylidene camphor sulfonic acid competitively
inhibited progesterone-induced Ca®* signals. Dose-response relations for the UV filters showed
that the Ca®* signal-inducing effects began in the nanomolar-micromolar range. Single-cell Ca%*
measurements showed a Ca®* signal-inducing effect of the most potent UV filter, 3-BC, at 10 nM.
Finally, we demonstrated thatthe 13 UV filters acted additively in low-dose mixtures toinduce Ca®*
signals. In conclusion, 13 of 29 examined UV filters (44%) induced Ca®" signals in human sperm.
Nine UV filters primarily activated CatSper and thereby mimicked the effect of progesterone. The
UV filters 3-BC and benzylidene camphor sulfonic acid competitively inhibited progesterone-in-
duced Ca?" signals. In vivo exposure studies are needed to investigate whether UV filter exposure
affects human fertility. (Endocrinology 157: 4297-4308, 2016)

uman male infertility is widespread and fertility rates
H are declining globally (1). Sperm cell defects or dys-
function is a common cause of infertility, although the
etiology in many cases is not known (1). The use of intra-
cytoplasmic sperm injection, a method developed to treat
male infertility due to poor sperm function, is rising both
in the United States (2) and Europe (3).

Successful natural fertilization of the egg by a sperm cell
depends on the precise control of diverse sperm functions
during its journey through the female reproductive tract
(4, 5). Almost every sperm function is controlled via
the intracellular Ca** concentration ([Ca®*];), including
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sperm motility, chemotaxis, and acrosome reaction, and
[Ca®*], also has important roles in sperm capacitation (4,
6), a maturation process during which sperm cells acquire
the capacity to fertilize the egg. It is crucial that these
individual [Ca®*];-controlled sperm functions are trig-
gered at the correct time and in the correct order for fer-
tility to occur (4). In human sperm cells, the cationic chan-
nel of sperm (CatSper) channels located in the plasma
membrane of the flagellum are the principal facilitators of
channel-mediated Ca** influx (7). CatSper is activated by
the natural ligands progesterone and prostaglandins (8,
9), leading to a rapid Ca**-influx into the sperm cell. Pro-

Abbreviations: ABHD2, abhydrolase domain containing 2; AM, acetoxymethyl ester;
BCECF, 2',7'-Bis-(2-Carboxyethyl)-5-(and-6)-Carboxyfluorescein; BCSA, benzylidene cam-
phor sulfonic acid; BP-3, benzophenone-3; CatSper, cationic channel of sperm; [Ca?"];,
intracellular Ca?™ concentration; DHHB, diethylamino hydroxybenzoyl hexyl benzoate;
DMSO, dimethylsulfoxide; HTF*, human tubular fluid; OD-PABA, ethylhexyl dimethyl
PABA; 3-BC, 3-benzylidene camphor.
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gesterone is released by the cumulus cells surrounding the
egg, and the progesterone-induced Ca®*-influx has been
shown to mediate chemotaxis toward the egg (5, 10) to
control sperm motility (11, 12) and to stimulate the acro-
some reaction (13). Consequently, several authors have
found that a suboptimal progesterone-induced Ca** in-
flux is associated with reduced male fertility (14-19), in
line with other studies demonstrating that CatSper func-
tion is absolutely essential for male fertility (18, 20-25).

Our recent pilot study showed that 33 of 96 diverse
endocrine-disrupting chemicals induced Ca*" signals in
human sperm cells and that this affected sperm motility
and acrosome reaction (26), raising the concern that ex-
posure to endocrine-disrupting chemicals could adversely
be affecting male fertility. Because some chemical UV fil-
ters were among the most potent Ca®" signal-inducing
chemicals in our pilot study (26) and because some chem-
ical UV filters have been measured in body fluids after
topical application (27), we decided to examine all chem-
ical UV filters allowed in sunscreens in the European
Union and/or the United States for their ability to induce
Ca?" signals in human sperm cells.

Materials and Methods

Reagents and chemical UV filters

Our objective was to test all 31 chemical UV filters allowed in
sunscreens in the European Union and/or the United States. We
obtained 30 of these chemical UV filters from various chemical
providers: 4-methylbenzylidene camphor was purchased from
Merck. 3-Benzylidene camphor was purchased from Induchem
AG. Polysilicone-15 was purchased from VWR. EG-25 PABA
was purchased from Boc Sciences. Benzylidene camphor sulfonic
acid was ordered by custom synthesis from Life Chemicals. All
remaining UV filters were purchased from Sigma-Aldrich. We
were unable to obtain the UV filter polyacrylamidomethyl ben-
zylidene camphor from any known distributor. The UV filters
polysilicone-15, ethylhexyl triazone, drometrizole trisiloxane,
and diethylamino hydroxybenzoyl hexyl benzoate were dis-
solved in ethanol at a concentration of 10 mM. Bis-ethylhexy-
loxyphenol methoxyphenyl triazine was dissolved in ethanol at
a concentration of 1 mM. The UV filter methylene bis-benzo-
triazolyl tetramethylbutylphenol could not be dissolved in di-
methylsulfoxide (DMSO) or ethanol. All remaining UV filters
were dissolved in DMSO at a concentration of 10 mM. Proges-
terone, ionomycin, and EGTA were obtained from Sigma-Al-
drich. MDL 12330A hydrochloride was purchased from Tocris
R&D Systems. Fluo-4 acetoxymethyl ester (AM), fura-2 AM,
and 2',7'-Bis-(2-Carboxyethyl)-5-(and-6)-Carboxyfluorescein
(BCECF) AM were purchased from Invitrogen. Human serum
albumin was obtained from Irvine Scientific.

Semen samples
All semen samples were produced by masturbation and ejac-
ulated into clean, wide-mouthed plastic containers on the same
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day as the experiment. After ejaculation, the samples were al-
lowed to liquefy for 15-30 minutes at 37°C.

Purification of motile sperm cells via swim-up

Motile spermatozoa were recovered from raw ejaculates by
swim-up separation in human tubular fluid (HTF*) medium
containing 97.8 mM NaCl, 4.69 mM KCl, 0.2 mM MgSO,,0.37
mM KH,PO,, 2.04 mM CaCl,, 0.33 mM Na-pyruvate, 21.4
mM Na-lactate, 2.78 mM glucose, 21 mM HEPES, and 4 mM
NaHCO;, adjusted to pH 7.3-7.4 with NaOH as described else-
where (26). After 1 hour at 37°C, the swim-up fraction was
removed carefully and sperm concentration was determined by
image cytometry as described in (28). After two washes, the
sperm samples were adjusted to 10 X 10°/mL in HTF* with
human serum albumin (3 mg/mL). and the sperm cells were in-
cubated for at least 1 hour at 37°C.

For the experiments with capacitated sperm cells, the semen
samples were adjusted to 10 X 10°/mL in a capacitating medium
containing 72.8 mM NaCl, 4.69 mM KCl, 0.2 mM MgSO,, 0.37
mM KH,PO,, 2.04 mM CaCl,, 0.33 mM Na-pyruvate, 21.4
mM Na-lactate, 2.78 mM glucose, 21 mM HEPES, and 25 mM
NaHCO;, adjusted to pH 7.3-7.4 with NaOH. Human serum
albumin (3 mg/mL) was added to the capacitating medium, and
the sperm cells were incubated for at least 3 hours at 37°Cin a
10% CO, atmosphere.
Measurement of changes in [Ca®*];

Changes in the free [Ca>"]; in human sperm cells were mea-
sured in 384 multiwell plates in a fluorescence plate reader (Fluo-
star Omega, BMG Labtech) at 30°C as reported elsewhere (26).
Sperm cells were loaded with the fluorescent Ca*™ indicator
Fluo-4 (10 uM) for 45 minutes at 37°C. After incubation, excess
dye was removed by centrifugation (700 X g, 10 minutes, room
temperature). The sperm pellet was resuspended in HTF* to
5+ 10° sperm/mL. Aliquots of 50 uL were loaded to the wells of
the multiwell plate. Fluorescence was excited at 480 nm and
emission was recorded at 520 nm with bottom optics. Fluores-
cence was recorded before and after injection of 25 uL (1:3 di-
lution) of the chemical UV filters, negative control (buffer with
vehicle), positive control (progesterone, 5 uM final concentra-
tion) manually with an electronic multichannel pipette to dupli-
cate wells. The stock solutions of the chemical UV filters in
DMSO or ethanol were diluted in HTF " to 3X the desired final
concentration before being added to the wells. Changes in Fluo-4
fluorescence are shown as AF/F, (percentage), indicating the per-
centage change in fluorescence (AF) with respect to the mean
basal fluorescence (F,) before addition of UV filters, positive
control, and negative control. In contrast to our pilot study (26),
we loaded the sperm cells with Fluo-4 without the use of pluronic
because we wanted to keep the sperm cells in as natural condi-
tions as possible and because we found that this did not signif-
icantly affect the mean relative maximal Ca®* signals of the Ca**
signal-inducing UV filters (Supplemental Table 1).

The measurements of the free [Ca”" |, of sperm cells in a low
Ca?* HTF* medium was done by resuspending Fluo-4-loaded
sperm cells to 5+ 10° sperm/mL in low Ca?" HTF" medium,
which was formulated as the HTF™, without the addition of
CaCl, and supplemented with 5 uM EGTA.

The Ca?" measurements on single sperm cells were done sim-
ilar to those described elsewhere (29) but on noncapacitated
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sperm cells. One milliliter of the swim-up purified sperm cells
(10 - 10° sperm/mL) was added onto polylysine-coated cham-
bers to minimize movement of the sperm cells (Lab-Tek; Nalge
Nunc International) and loaded with the fluorescent Ca”* indi-
cator fura-2 (3 uM) for 30 minutes at 37°C. After incubation, the
supernatant containing excess dye and nonadhered sperm cells
was removed, and the remaining cells were carefully resuspended
in1mL HTF™. A Zeiss Axiovert 135 microscope equipped with
a Zeiss Achrostigmat 40 X 1.3 NA objective was used to acquire
images from fura-2. Excitation was obtained by a Polychrome
Villuminator from Till Photonics, and images were acquired us-
ing a Cool Snap charge-coupled device camera (Photometrics)
from Robert Scientific. Fluorescence was excited at 338 and 380
nm (dual excitation) and emission was recorded above 510 nm
using a cutoff filter. Regions of interest were drawn around the
head and neck region as in a recent study (30). Background
fluorescence was subtracted and changes in the ratio of fura-2
fluorescence between the 338 and 380 nm excitation are
shown as AR/R, (%), indicating the percentage change in the
ratio of fluorescence between the two modes of excitation
(AR) with respect to the mean basal ratio of fluorescence be-
tween the two modes of excitation (R,) before addition of
3-benzylidene camphor (3-BC) (10 nM) and later the positive
control (progesterone, 5 uM). Based on the presence of a
progesterone induced Ca”" signal in the end of the experi-
ment, we selected 19 sperm cells for analysis from three
experiments.

Measurement of changes in pH;

Changes in pH;, in human sperm cells were measured in 384
multiwell plates in a fluorescence plate reader (Fluostar Omega,
BMG Labtech) at 30°C as reported elsewhere (26). Sperm cells
were loaded with the fluorescent pH indicator BCECF (10 uM)
for 15 minutes at 37°C. After incubation, excess dye was re-
moved by centrifugation (700 X g, 10 min, room temperature).
The sperm pellet was resuspended in HTF* to 5 + 10° sperm/mL.
Aliquots of 50 uL were loaded to the wells of the multiwell plate.
Fluorescence was excited at 440 and 480 nm (dual excitation)
and emission was recorded at 520 nm with bottom optics. Flu-
orescence was recorded before and after injection of 25 uL (1:3
dilution) of the chemical UV filters (50 wM final concentration),
negative control (buffer with vehicle), and positive control
(NH,CL, 30 mM final concentration) manually with an elec-
tronic multichannel pipette to duplicate wells. The stock solu-
tions of chemical UV filters in DMSO or ethanol were diluted in
HTF™ to 3X the desired final concentration before being added
to the wells. Changes in the ratio of BCECF fluorescence between
the 440 and 480 nm excitation are shown as AR/R, (percentage),
indicating the percentage change in the ratio of fluorescence be-
tween the two modes of excitation (AR) with respect to the mean
basal ratio of fluorescence between the two modes of excitation
(Ry) before addition of UV filters, positive control, and negative
control.

Assessment of dose-response relations

For generation of dose-response curves, 10 serial dilutions
with a fixed ratio were performed from a high concentration of
the UV filter or progesterone, which induced a saturating re-
sponse. These 11 concentrations of the UV filter were added to
the sperm cells together with a negative control. The change in
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AF/F of the negative control was subtracted from the other
AF/F, to remove the dilution and pipetting artifacts, and the
dose-response curves were calculated from the maximal values of
the first AF/F, peaks, using the log(agonist) vs response-variable
slope (four parameters) nonlinear regression analysis of
GraphPad Prism 6.

Ethical approval

Human semen samples were obtained from healthy volun-
teers with their prior consent. The donors were recruited from
the semen donor corps, which is routinely donating samples for
semen quality control analyses at the Department of Growth and
Reproduction. After delivery, the samples were fully anony-
mized and no data on the fertility status or general health of
donors are provided. Each donor received a fee of 500 DKK
(about 75 UD dollars) per sample for their inconvenience. All
samples were analyzed on the same day of delivery and de-
stroyed immediately after the laboratory analyses. Because of
the full anonymization of the samples and the destruction of
the samples immediately after the laboratory analyses, no eth-
ical approval was needed for this work, according to the re-
gional scientific ethical committee of the Capital Region of
Denmark.

Results

Chemical UV filters induce Ca®* signals in human
sperm cells

Using a recently developed Ca?" fluorimetric assay
(26), we investigated 29 of the 31 chemical UV filters al-
lowed in sunscreens in the European Union and/or the
United States for their ability to induce Ca** signals in
human sperm cells (Table 1). The UV filters were tested at
10 uM along with a positive control (progesterone, 5 uM)
and negative control (HTF™ with vehicle). We tested the
UV filters at 10 uM because this was the concentration at
which the positive hits were best distinguished from neg-
ative hits and buffer controls in our pilot study (26). The
induced Ca®" signals were recorded at up to 232 seconds
after addition of the chemicals, buffer, and positive con-
trol (Figure 1). To compare results from different exper-
iments, we calculated the relative maximally induced
Ca?" signal from a given experiment by dividing the max-
imal Ca®* signals with that of the paired positive control.
Thirteen of the 29 chemical UV filters tested induced a
mean relative maximal Ca?” signal in human sperm cells
larger than the induced mean relative maximal Ca”™ sig-
nal of negative controls (HTF" with vehicle) = 3 SD
(0.298% = 3 X 2.624%, giving a maximal value of
8.17%) (Table 1). These 13 chemical UV filter chemicals
(Supplemental Figure 1) were categorized as positive hits
and investigated further.

The sperm cells for these experiments were incubated us-
ing a noncapacitating HTF* medium. To test whether ca-
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Table 1.

UV Filters Ranked According to the Mean Relative Maximal Ca®* Signal Induced at 10 uM, ie, the

Maximal Ca?" Signal Induced by the UV Filter at 10 wM Divided by the Maximal Ca" Signal Induced by
Progesterone at 5 uM in the Same Experiment

Allowance in
Sunscreens in the

Mean Relative
Maximal Ca?*

European Union Signal at 10
(EVU) and United pM, %
Rank INCI Name CAS Number Abbreviation States (US) (n =3)
Positive hits
1 4-Methylbenzylidene 36861-47-9/  4-MBC EU, 4% 97.07
camphor 38102-62-4
2 3-Benzylidene camphor 15087-24-8 3-BC EU, 2% 92.70
3 Methyl anthranilate 134-09-8 Meradimate Us, 5% 79.81
4 Isoamyl P-methoxycinnamate ~ 71617-10-2 Amiloxate EU, 10% 62.89
5 Ethylhexyl salicylate 118-60-5 Octisalate EU, 5% Us, 5% 53.39
6 Benzylidene camphor 56039-58-8 BCSA EU, 6% 52.69
sulfonic acid
7 Homosalate 118-56-9 HMS EU, 10% US, 15% 47.56
8 Ethylhexyl dimethyl PABA 21245-02-3  OD-PABA EU,8%  US,8%  46.01
9 Benzophenone-3 131-57-7 BP-3 EU, 10% US, 6% 38.19
10 Ethylhexyl 5466-77-3 Octinoxate EU, 10% US, 7.5% 29.35
methoxycinnamate
11 Octocrylene 6197-30-4 Octocrylene EU, 10% US, 10% 24.23
12 Butyl 70356-09-1 Avobenzone EU, 5% us, 3% 22.54
methoxydibenzoylmethane
13 Diethylamino 302776-68-7 DHHB EU, 10% 10.68
hydroxybenzoy!l hexyl
benzoate
Negative hits
14 Benzophenone-8 131-53-3 Dioxybenzone Us, 3% 4.03
15 Camphor benzalkonium 52793-97-2 CBM EU, 6% 4.01
methosulfate
16 Polysilicone-15 207574-74-1 POLYSILICONE-15  EU, 10% 3.55
17 Drometrizole trisiloxane 155633-54-8 Drometrizole EU, 15% 3.28
trisolane
18 Benzophenone-4 4065-45-6 BP-4 EU, 5% Us, 10% 1.23
19 Diethylhexyl 154702-15-5  Iscotrizinol EU, 10% 0.98
butamidotriazone
20 Ethylhexyl triazone 88122-99-0 Ethylhexyl EU, 5% 0.86
triazone
21 Cinoxate 104-28-9 Cinoxate Us, 3% 0.13
22 PEG-25 PABA 116242-27-4  PEG-25 PABA EU, 10% 0.04
23 Bis-ethylhexyloxyphenol 187393-00-6  Bemotrizinol EU, 10% -0.34
methoxyphenyl triazine
24 TEA-salicylate 2174-16-5 TEA salicylate us, 12%  —0.56
25 Phenylbenzimidazole sulfonic  27503-81-7 Ensulizole EU, 8% Us, 4% —3.08
acid
26 PABA 150-13-0 PABA Us, 15% -3.09
27 Disodium phenyl 180898-37-7 Bisdisulizole EU, 10% —3.42
dibenzimidazole
tetrasulfonate
28 Benzophenone-5 6628-37-1 BP-5 EU, 5% —3.45
29 Terephthalylidene dicamphor  92761-26-7/  Ecamsule EU, 10% —3.54
sulfonic acid 90457-82-2

Based on their ability to induce Ca®™ signals, the UV filters are categorized into positive hits, which had values above that of the negative
controls (HTF* with vehicle) = 3 SD (0.298% =+ 3 - 2624%, giving a maximal value of 8.17%), and negative hits. INCI name, CAS number,
abbreviation, and allowance in sunscreens in the EU and US are also listed in the table.

difference in the maximally induced Ca*" signals recorded
up to 232 seconds after the addition of the chemicals from the
capacitated and noncapacitated sperm cells were not statis-
tically significant (P > 0.25, from paired T-tests).

pacitation of the sperm cells could alter the results, we tested
10 chemical UV filters on sperm cells from the same donors,
which were either incubated using a noncapacitating HTF*
medium or using a capacitating HTF " medium (n = 3). The
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Ca?" signal of the UV filters, 10 uM
(n = 3), with that of progesterone, 5
uM (n = 12) (Figure 3). Most of the
UV filters induce transient Ca®*
signals at 10 uM, resembling the
transient Ca®" signals induced by

— Progesterone, 5 uM
— UV filters, 10 uM

a Positive hits b Negative hits
250 — Buffer
250 — Buffer 200
200 — Progesterone, 5 uM = _ 150
W 150 — UVfilters, 10 M w
n.T<.1 100 = 100
50 1 AN ———N— 50
: so
-50- "
0 100 200 0 100

time /s

Figure 1. a, Ca®" signals induced by addition of buffer, progesterone, 5 uM, and the positive-
hit UV filters, 10 uM. b, Ca®* signals induced by the addition of buffer, progesterone, 5 uM,

and the negative-hit UV filters, 10 uM.

Source of Ca®*

To examine the mode of action of the positive-hit UV
filters, we tested whether the induced Ca?" signals re-
flected an influx of extracellular Ca** or a release of Ca**
from internal stores. We did this by repeating the Ca**
measurements of the positive-hit UV filters at 10 uM on
sperm cells resuspended in a low Ca** HTF" medium with
5 uM EGTA (n = 3). The UV filters were added to the
sperm cells less than 5 minutes after the resuspension in the
low Ca** HTF* medium, similar to the procedure in a
recent study (30). We then compared the maximally in-
duced Ca”" signal with those obtained from paired ex-
periments on sperm cells resuspended in normal HTF*
medium. Similar to progesterone, the maximally induced
Ca?" signals for these 13 UV filters were greatly reduced
when using low Ca** HTF" medium (Figure 2, mean re-
duction in signal = SD, n = 3). The Ca*" signals induced
by UV filters diethylamino hydroxybenzoyl hexyl benzo-
ate (DHHB) and Avobenzone were, however, inhibited to
a lesser extent than the other UV filters.

Shape of curves of induced Ca?* signals
To further investigate the mode of action of the posi-
tive-hit UV filters, we compared the shape of the induced

Progesterone —
4-MBC L
3-BC —e—i
Meradimate -
Amiloxate ia o
Octisalate ro
HMS -
OD-PABA ro-
BP-3 —e—t
Octinoxate o
Octocrylene —e—i
Avobenzone —
DHHB —————
0 50 100

Reduction of Ca?* signal in %

Figure 2. Reduction of maximally induced Ca?* signals (mean + SD,
n = 3)in sperm cells kept in a low Ca?* HTF* medium compared with
sperm cells kept in normal HTF* medium.
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200 progesterone. The four UV filters,
octinoxate, octocrylene, avobenzone
and DHHB, however, induce sus-
tained or slowly rising Ca>" signals at
10 uM, which did not resemble the
Ca”" signal induced by progesterone.

Effect on CatSper

To test whether the positive-hit UV filters affected influx
of extracellular Ca** through CatSper, we used the CatSper
inhibitor MDL 12330A (31). We compared the Ca** signals
induced by the chemical UV filters at 50 uM and progester-
one at 5 uM in the presence or absence of 20 uM MDL
12330A (Figure 4, mean inhibition of signal = SD, n = 3).
We found that all UV filters, except ethylhexyl dimethyl
(OD)-PABA, octocrylene, avobenzone and DHHB, were,
similar to progesterone, highly inhibited with the CatSper
inhibitor MDL 12330A. These findings show that these UV
filters, at least in part, induce the Ca** signals via CatSper.
The CatSper channel can be activated by increased pH,;,. We
therefore tested whether the positive-hit UV filters induced
changes in pH;, and found no effect of the positive-hit UV
filters on pHy; at SO uM (n = 4) (Figure 5). This suggests that
the effect of the positive-hit UV filters on CatSper is either
direct through interaction with the binding pockets of pro-
gesterone and prostaglandins or indirect through some
other, unknown mechanism, not involving changes in pH;.

Inhibition of progesterone signal

To investigate whether some of the UV filters interfered
with the progesterone-induced Ca*" signals, we performed
inhibitor studies with 10 uM of 3-BC, benzylidene camphor
sulfonic acid (BCSA), or benzophenone-3 (BP-3) on proges-
terone dose-response curves (n = 3) (Figure 6). 3-BC, BCSA,
and BP-3 were chosen because the Ca®" signals induced by
these UV filters were highly inhibited by MDL 12330A and
similar in shape to the Ca®* signals induced by progesterone.
Sperm cells were preincubated for 5 minutes with or without
the UV filters before the addition of progesterone. Our results
showed that none of the UV filters affected the maximal
AF/F,, of the progesterone dose-response curves or the kinet-
ics of the progesterone-induced Ca®* signals. Furthermore,
we found that BCSA and 3-BC shifted the ECs, of proges-
terone toward higher values, indicating competitive inhibi-
tion by these two UV filters on the progesterone effect.
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Figure 3. Induced Ca®* signals (mean =+ SD) of the UV filters, 10 uM [n = 3] and progesterone, 5 uM [n = 12]). Note the decrease in the y-axis
range from the upper left corner (progesterone) toward the lower right corner (DHHB).

Dose-response relationship for Ca®*signal inducing
effect of the positive-hit UV filters

To examine whether the positive-hit UV filters induced
Ca®" signals at physiologically relevant levels, dose-re-

sponse relations were assessed for these 13 UV filters. All
except DHHB, produced saturating dose-response curves,
with mean ECs, values within the concentration range
0.5-6.7 uM (Table 2 and Figure 7). Because some doses
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Figure 4. Inhibition of Ca®* signals induced by the UV filters, 50 uM,
and progesterone, 5 uM, in the presence 20 uM MDL12330A (mean
inhibition of signal = SD, n = 3).

of some of the UV filters induced sustained or slowly rising
Ca?" signals, the earliest Ca”" signal peak recorded at up
to 232 seconds after the addition of the chemicals was used
to determine the dose-response curves.

Effects of low dose 3-BC on single sperm cells

To test the accuracy of the lowest estimated EC), of the
UV filters, we tested the ability of 10 nM 3-BC to induce
Ca?" signals in single sperm cells (Figure 8). Using single-
cell Ca?" imaging microscopy (29), we investigated the
Ca®" signals induced in 19 individual sperm cells from
three experiments after the addition of 10 nM 3-BC. Fig-
ure 8 shows that Ca®* signals are induced in some but not
all sperm cells. Only sperm cells that generated a subse-
quent Ca?” signal in response to the addition of 5 uM of
progesterone (not shown in figure) were included in the
analysis. It should be noted that we registered changes only
in [Ca®"]; at the head and neck region of these cells,
whereas the [Ca®"]; data from sperm cells in suspension
are based on the total fluorescence from all sperm cells of
each well.

Mixture effect of UV filters

Rather than being exposed to single chemicals, sperm
cells are in vivo presumably exposed to a complex mixture
of chemicals. Therefore, we tested whether the Ca”™ sig-
nal-inducing effect of UV filters was found to be additive
at low levels. We found that a mixture of the 13 UV filters

40+ - UV filters 50 uM
30 - Buffer
& 2 -~ NH,CL 30 mM
g 104
04
e me a0 e
time /s

Figure 5. Induced changes in pH, (mean = SD, n = 4) by UV filters,
50 uM, buffer, and positive control (NH,CL, 30 mM).
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at 100 nM each induced a small but consistent Ca*”" sig-
nal, which were larger than the Ca”>" signals induced by
the single chemicals at 100 nM (n = 3) (Figure 9A). The
maximal Ca®* signal induced by the mixture is in the same
range as that induced by pM concentrations of progester-
one (Figure 9B).

Discussion

We found that 13 of 29 tested chemical UV filters (44%)
could induce Ca®" signals in human sperm cells. Our find-
ings confirm the results for the eight UV filters tested be-
fore in our pilot study (26), the seven positive hits Oc-
tocrylene, OD-PABA, Octinoxate, 4-MBC, 3-BC, BP-3,
and HMS and the negative hit BP-4.

The induced Ca®* signals were greatly reduced when
the sperm cells were kept in a low Ca?>" HTF* medium,
showing that the UV filters induce Ca** signals by affect-
ing the uptake of extracellular Ca?". The Ca”>" signals
induced by UV filters DHHB and Avobenzone were, how-
ever, inhibited to a lesser extent than the other UV filters.
The Ca®" signals induced by all UV filters, except Octi-
noxate, Octocrylene, Avobenzone, and DHHB, were fast
and transient and resembled the Ca®* signal induced by
progesterone, suggesting a similar mode of action between
these UV filters and progesterone. We found that Ca**
signals induced by all UV filters, except OD-PABA, Oc-
tocrylene, Avobenzone, and DHHB, were highly inhibited
with the CatSper inhibitor MDL 12330A. This indicates
that these UV filters at least in part induce Ca** signals via
CatSper, similar to progesterone. The Ca®* signals in-
duced by OD-PABA, Octocrylene, Avobenzone, and
DHHB were also inhibited by MDL 12330A, although to
a much lesser degree, indicating that these UV filters pri-
marily affect Ca®* signaling by a mechanism separate
from CatSper, at least at the high concentration of 50 uM.
Three of the UV filters that resisted blocking by MDL,
Octocrylene, Avobenzone, and DHHB also induced
slowly rising or sustained Ca””" signals, which differed
from the transient Ca”" signals induced by progesterone
and the UV filters inhibited to a higher extent by MDL
12330A. In addition, the Ca®* signals induced by Avo-
benzone and DHHB were inhibited to a lesser extent in the
low Ca?" medium. Together these findings indicate that
Octocrylene, Avobenzone, and DHHB might induce Ca**
signals via release of Ca>" from internal Ca®™" stores in
contrast to the other UV filters, which primarily induce
Ca®" signals via CatSper.

In our pilot study, we found a similar strong inhibition
with MDL 12330A for 4-MBC, 3-BC, HMS, and BP-3,
whereas OD-PABA, in contrast to in our study, was also
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Figure 6. a, Normalized dose-response curves (mean = SD, n = 3) for progesterone without any preincubation and after 5 minutes of
preincubation with the UV filters, BP-3, BCSA, and 3-BC at 10 uM. The mean R? value of the 12 individual fitted curves was 0.99. b, EC,, for the
dose response curves (mean = SD, n = 3) for progesterone without any preincubation and after 5 minutes of preincubation with the UV filters,

BP-3, BCSA, and 3-BC at 10 uM.

found to be highly inhibited (26). In the present study, we
used the inhibitor MDL 12330A at 20 uM and the UV
filters at 50 uM, whereas in our pilot study, the inhibitor
MDL 12330A was used at 100 uM and the UV filters at
3-30 uM, which might explain the observed difference for
OD-PABA. We showed that the induction of Ca** signals
is independent of changes in pH ;, suggesting that the UV
filters, which primarily induced Ca** signals via an effect
on CatSper, either act agonistically on the binding pockets
of progesterone or prostaglandin or affect CatSper
through another hitherto unknown mechanism.

To investigate whether the UV filters targeted the pro-
gesterone binding pocket, we performed progesterone
dose-response curves with and without 5 minutes of pre-
incubation with 10 uM of 3-BC, BCSA, or BP-3. The
AF/F, values used for the progesterone dose response
curves were normalized to compensate for different, but
optimal gain settings for each individual experiment. In a
separate experiment we found that, at the same gain set-
ting, the maximal AF/F, of the progesterone dose-response

curves was always the same and independent of the pres-
ence of inhibitors. Our results showed that the UV filters
3-BC and BCSA can inhibit the binding of progesterone in
a competitive fashion, suggesting that these two UV filters
target areas of the progesterone binding pocket. 4-MBC
has previously been shown to competitively inhibit pro-
gesterone-induced Ca** signals (26), hinting that the
structurally similar uncharged camphor-derived UV fil-
ters, such as 3-BC, 4-MBC, and BCSA (Supplemental Fig-
ure 1), might share this ability. Progesterone acts as a
strong chemoattractant in the picomolar range (32). Ex-
posure to these UV filters might inhibit this progesterone-
mediated chemotaxis because the Ca®* signals induced by
progesterone at picomolar concentrations are almost
abolished when preincubating with 10 uM of BCSA or
3-BC.

We showed that the Ca*" signals induced by all posi-
tive-hit UV filters, except DHHB, can be used to form
saturating dose-response curves, with ECs, values ranging
from 0.51 to 7.33 uM and the lowest effective dose values

Table 2. EC.,, EC,,, and R? of the Fit for the Dose-Response Curves (Mean and SD, n = 3-4) of All Positive-Hit UV
Filters, Except DBBH, Which Did Not Produce a Saturating Dose-Response Curve
ECsor uM ECoy M R? of Fit
Mean SD Mean SD Mean SD n
4-MBC 0.5189 0.3154 0.0142 0.0069 0.9759 0.0284 3
3-BC 0.5241 0.2927 0.0063 0.0073 0.9947 0.0028 4
Meradimate 2.1319 0.8656 0.0736 0.0538 0.9763 0.0238 4
Amiloxate 2.7173 1.0874 0.2275 0.0407 0.9878 0.0079 3
Octisalate 1.8907 0.5720 0.0545 0.0409 0.9891 0.0060 3
BCSA 1.4867 0.5722 0.1015 0.0442 0.9957 0.0007 3
HMS 1.3961 1.0978 0.0629 0.0585 0.9851 0.0086 3
OD-PABA 4.9530 1.2951 0.0683 0.0675 0.9904 0.0062 3
BP-3 4.6773 0.6977 0.2990 0.0478 0.9975 0.0010 3
Octinoxate 7.3305 4.1781 0.4254 0.2616 0.9895 0.0105 4
Octocrylene 2.3423 0.5693 0.0921 0.0579 0.9861 0.0085 3
Avobenzone 7.0793 0.5395 0.2030 0.1049 0.9797 0.0092 3
DBBH Nonsaturating dose-response curve 3

Abbreviations are as in Table 1.
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Figure 7. Normalized dose-response curves for the 12 UV filters with
saturating responses. The curves were generated using the mean ECsq
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(EC,,) ranging from 6.2 to 425.4 nM. Although we find
lower estimates of both EC5, and EC,, values for 4-MBC,
3-BC, HMS, and BP-3 and slightly higher values for OD-
PABA than in our pilot study (26), the EC;, values are still
within the micromolar range and the EC,), values within
the nanomolar range in both studies. We performed our
dose-response experiments on noncapacitated sperm cells.
It has been shown that capacitation shifts the ECs, value
of progesterone toward lower concentrations (8), hinting
that the estimated ECs, values for the UV filters, BCSA
and 3-BC, which target areas of the progesterone binding
pocket, might also be lower in capacitated sperm cells.
We showed that 10 nM of 3-BC can induce Ca*” signals
in the head-neck region of some sperm cells, confirming
that our estimated EC,, for this UV filter is effective for
inducing Ca*" signals. In addition, we showed that the UV
filters can act additively in low-dose mixtures of 100 nM
each to induce Ca®* signals, similar in amplitude to the
Ca?* signals induced by picomolar concentrations of pro-
gesterone. In our pilot study, we similarly found that other
Ca?" signal-inducing chemicals could act additively (26).
This additive effect is noteworthy because progesterone in
picomolar concentrations can act as a chemoattractant
(32), prime sperm cells for acrosome reaction, and even
induce acrosome reaction in some sperm subpopulations
(33). We speculate that the small Ca®* signals induced by
the low-dose mixture of UV filters, or other Ca** signal-

0 100 200

time /s
Figure 8. Ca’" signals induced in the head-neck region of 19
individual sperm cells from three experiments after addition of 10 nM
3-BC.

on 25 Novenber 2017

press.endocrine.org/journal/endo 4305

inducing chemicals, which are comparable with the Ca**
signals induced by progesterone in the picomolar range,
might act similarly on the sperm cells, thus interfering
with, for example, chemotaxis.

Few data on the UV filter concentration in plasma exist
(27). Only the levels of 4-MBC, BP-3, and Octinoxate
have been measured in plasma after repeated whole-body
topical application (34, 35), in which the maximally mea-
sured levels for 4-MBC (440 nM) and BP-3 (3.51 uM)
were much higher than our estimated EC,, values,
whereas the maximally measured level for Octinoxate
(330 nM) was slightly lower than our estimated EC,,
value (34). Interestingly, the highest levels for each of these
UV filters were found in female subject, whereas the max-
imal levels in males were slightly lower (34). However, all
of the positive-hit UV filters have molecular weights below
500 Da, suggesting that they could all have the ability to
penetrate the human skin (36). The first metabolite of
OD-PABA has been measured in semen after topical ap-
plication of sunscreen (37), showing that OD-PABA, sim-
ilar to 4-MBC, BP-3, and Octinoxate, can penetrate the
human skin. Few data exist on the metabolic pathways of
UV filters in humans because this has been investigated
only for 4-MBC, BP-3, and OD-PABA (27). 4-MBC has
been found to have a half-life of 9 hours after topical ap-
plication (38) and BP-3 to be metabolized slowly during
the first 24 hours after topical application (39). For OD-
PABA the rate of metabolism is not known (27). For some
UV filters, it might be relevant to investigate the effect of
their metabolites also, eg, OD-PABA, for which the first
metabolite rather than OD-PABA itself was measured in
semen (37).

Sperm cells are quiescent in the male reproductive tract
and first become motile upon ejaculation (40). After ejac-
ulation the sperm cells acquire some of their key molecules
for Ca®™ signaling from fusion with proteasomes, which
are extracellular vesicles released by the prostate gland,
just as they enter the female reproductive tract (41). Dur-
ing the journey of a sperm cell through the female repro-
ductive tract, triggering of [Ca**]; controlled sperm func-
tions at the correct time and in the correct order is
necessary for successful natural fertilization of the egg (4).
Together this suggests that the potential disruptive effects
of the UV filters on sperm Ca®" signaling and thus sperm
function takes place within the female reproductive tract.
However, because the sensitivity of CatSper to progester-
one arises early during spermiogenesis (21), there might
also be effects of the UV filters on sperm cells in the male
reproductive tract, although the role of sperm Ca®* sig-
naling in the male reproductive tract is unclear (42). In-
terestingly, studies have found evidence for the bioaccu-
mulation of BP-3 and its metabolites as well as the
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Figure 9. a, Ca®* signals (mean = SD) induced by the individual UV filters, 100 nM, buffer, and the UV filters in mixture, 100 nM each.
b, Comparison of the Ca®" signal (mean = SD) induced by the UV filters in mixture, 100 nM each, and 328 pM of progesterone.

metabolites of OD-PABA in semen after topical applica-
tion of sunscreen (37, 43), suggesting that the sperm cells
might already be highly exposed to these chemicals upon
entering the female reproductive tract.

The female reproductive tract is not protected by
blood-tissue barriers (44), and UV filters in plasma and
within the female reproductive tract would thus be ex-
pected to be found in similar concentrations. In contrast to
this, the developing follicles in the ovaries and parts of the
male reproductive tract are protected from substances in
the blood by the blood-follicle barrier (45), blood-testis
barrier, and the blood-epididymis barrier, respectively
(46), which are blood-tissue barriers formed mainly by
tight junctions between epithelial cells. The follicular fluid
enters the Fallopian tube together with the egg after ovu-
lation (47). The concentrations of UV filters in follicular
fluid has not been measured, but because many of the
positive-hit UV filters have high lipid solubility (48) and all
of them have molecular masses below 500 Da, they the-
oretically fulfill the criteria for crossing a blood-tissue bar-
rier (49) such as the blood-follicle barrier. In support of
this, 3-BC has been found in the brain of rats after dermal
application (50) and BP-3 has been measured in several
human placenta samples (51), showing that these UV fil-
ters can cross the rat blood-brain barrier and the human
blood-placental barrier, respectively. Taken together,
there is strong evidence that at least some of the UV filters
can cross blood-tissue barriers, such as the blood-follicle
barrier, blood-testis barrier, and blood-epididymis
barrier.

Our data raise further concern that some chemical UV
filters have endocrine-disrupting effects (52). The four UV
filters, BP-3, 3-BC, 4-MBC, and HMS, have previously
been shown to have estrogenic effects and to act antago-
nistic on progesterone receptor bioassays (53), indicating
that our findings on effects on Ca*" signaling in human
sperm cells could be proxies for other endocrine disrupting
effects elsewhere. In line with this, we have recently shown
that Steviol can both induce Ca*" signals via CatSper and

affect several other parts of progesterone signaling (54).
Progesterone has recently been shown to activate CatSper
through the receptor abhydrolase domain containing 2
(ABHD?2), a progesterone-dependent lipid hydrolase that
depletes the endocannabinoid 2-arachidnoylglycerol from
the plasma membrane, thereby activating CatSper (55).
ABHD?2 is widely expressed in other cells and tissues, hint-
ing that some of the positive-hit UV filters from our study
could have effects via ABHD2 elsewhere.

We are all exposed to complex mixtures of chemicals,
which is why it can be difficult to see effects of single
chemicals in epidemiological studies, if not correcting for
all other chemicals with effects on the endpoint of interest.
A recent epidemiological study investigated the effect of
the benzophenone-type UV filters, BP-1, BP-2, BP-3, BP-8,
and 4-hydroxybenzophenone, on time to pregnancy in
couples trying to conceive (56). BP-3 was the only of these
compoundsincluded in our study, and it was unexpectedly
found to have no effect on time to pregnancy, whereas
BP-2, which was found not induce Ca** signals in our
pilot study (26), did have an effect on time to pregnancy
(56). Our study add additional substances to the growing
list of chemicals, with the ability to interfere with Ca**
signaling in human sperm cells (26, 30, 31, 52, 57, 58).
Because [Ca®"]; controls sperm motility, chemotaxis, and
acrosome reaction and participates in sperm capacitation
(4, 6), any disturbance of Ca®* signaling in human sperm
cells, regardless of the mechanism, might adversely affect
fertility, eg, by inducing premature acrosome reaction
(59). Furthermore, a part of the chemicals that induce
Ca®" signals via the CatSper, might inhibit the normal
progesterone induced Ca** signaling, as shown for 3-BC
and BCSA in our study and 4-MBC in our pilot study (26)
and thus lead to impaired fertility because suboptimal pro-
gesterone-induced Ca®* influx is associated with reduced
male fertility (14-19).

In conclusion, we investigated 29 of the 31 chemical UV
filters allowed in sunscreens in the European Union and/or
the United States, for their ability to induce Ca** signals
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in human sperm cells and showed that 13 UV filters in-
duced Ca®" influxes in human sperms (44%) at physio-
logically relevant doses. Nine of the UV filters induced
Ca®" signals primarily through activation of CatSper,
thereby mimicking the effect of progesterone on human
sperm cells. Two UV filters, 3-BC and BCSA, were found
to competitively inhibit the progesterone-induced Ca**
signals, indicating that these UV filters target areas of the
progesterone binding pocket. Because Ca** signaling con-
trols important sperm functions, including chemotaxis,
motility, capacitation, and acrosome reaction, all of which
are essential for fertilization, the effect of these UV filters
on [Ca®™],, either via CatSper or by another mechanism,
might interfere with the normal human fertilization pro-
cess and thus impair fertility. Our experiments have been
carried out in vitro, and human exposure studies would be
needed to examine the effects of exposure to chemical UV
filters on fertility in vivo.
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Abstract

Emerging chemical contaminants in the marine ecosystem represent a threat to the
environment and also to human health due to insufficient knowledge about their
toxicity and bioaccumulation in the food chain. Consequently, many of them are not
regulated. In this review we focus on musks and organic UV filters. For both groups of
compounds we describe occurrence in the marine environment, toxic effects
identified so far and methods used to identify such effects. The final objective of this
work is to identify gaps in the understanding of their toxicology.
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Abstract

We performed a trace analytical study covering nine hormonally active UV-filters by
LC-MS/MS and GC-MS in river water and biota. Water was analysed at 10 sites above
and below wastewater treatment plants in the river Glatt using polar organic chemical
integrative samplers (POCIS). Four UV-filters occurred in the following order of
decreasing concentrations; benzophenone-4 (BP-4) > benzophenone-3 (BP-3) > 3-(4-
methyl)benzylidene-camphor (4-MBC) > 2-ethyl-hexyl-4-trimethoxycinnamate
(EHMC). BP-4 ranged from 0.27 to 24.0 microg/POCIS, BP-3, 4-MBC and EHMC up to
0.1 microg/POCIS. Wastewater was the most important source. Levels decreased with
higher river water flow. No significant in-stream removal occurred. BP-3, 4-MBC and
EHMC were between 6 and 68 ng/L in river water. EHMC was accumulated in biota. In
all 48 macroinvertebrate and fish samples from six rivers lipid-weighted EHMC
occurred up to 337 ng/g, and up to 701 ng/g in 5 cormorants, suggesting food-chain
accumulation. UV-filters are found to be ubiquitous in aquatic systems.



